While lignin represents a major fraction of the carbon in plant biomass, biological strategies to 19 convert the components of this heterogenous polymer into products of industrial and 20 biotechnological value are lacking. Syringic acid (3,5-dimethoxy-4-hydroxybenzoic acid) is a 21 byproduct of lignin degradation, appearing in lignocellulosic hydrolysates, deconstructed lignin 22 streams, and other agricultural products. Rhodopseudomonas palustris CGA009 is a known 23 degrader of phenolic compounds under photoheterotrophic conditions, via the benzoyl-CoA 24 degradation (BAD) pathway. However, R. palustris CGA009 is reported to be unable to 25 metabolize meta-methoxylated phenolics such as syringic acid. We isolated a strain of R. palustris 26 (strain SA008.1.07), adapted from CGA009, which can grow on syringic acid under 27 photoheterotrophic conditions, utilizing it as a sole source of organic carbon and reducing power. 28 An SA008.1.07 mutant with an inactive benzoyl-CoA reductase structural gene was able to grow 29 on syringic acid, demonstrating that the metabolism of this aromatic compound is not through the 30 BAD pathway. Comparative gene expression analyses of SA008.1.07 implicated the involvement 31 of products of the vanARB operon (rpa3619-rpa3621), which has been described as catalyzing 32 aerobic aromatic ring demethylation in other bacteria, in anaerobic syringic acid degradation. In 33 addition, experiments with a vanARB deletion mutant demonstrated the involvement of the 34 vanARB operon in anaerobic syringic acid degradation. These observations provide new insights 35 into the anaerobic degradation of meta-methoxylated and other aromatics by R. palustris.
INTRODUCTION
As one of the major biopolymers present in plant tissues, lignin has the potential to serve as a RNA was harvested (26). For each sample, rRNA was reduced (Ribo-Zero kit, Illumina), and a 156 strand-specific library was prepared (TruSeq Stranded Total RNA Sample Prep Kit, Illumina). from R. palustris genomic DNA, digested with XbaI and HindIII, and ligated into pK18mobsacB 202 to generate pK18hbaB. The hbaB coding region was deleted from pK18hbaB by PCR with 203 phosphorylated primers. The resulting PCR product was circularized by ligation to generate 204 pK18∆hbaB and transformed into E. coli DH5α. pK18∆hbaB was introduced into R. palustris 205 strains CGA009 and SA008.1.07 by electroporation. Double crossovers were screened for ability 206 to grow on PM-AcY medium with 10% sucrose and Kn sensitivity. The presence of the desired 207 hbaB mutation was confirmed by sequencing the appropriate genomic region. 208 An in-frame, markerless deletion of vanARB was constructed in SA008.1.07 using the suicide 209 vector pK18mobsacB (36). Briefly, ~1.5-kbp up-and downstream flanking regions of vanARB 210 were PCR amplified from SA008.1.07 genomic DNA and assembled into pK18mobsacB using the 211 NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, Ipswich, MA) to create 212 pKΔvanARB. Generation and confirmation of the vanARB mutant (SAΔvan) using pKΔvanARB 213 was performed as described above. To generate plasmid pBRvan, a DNA fragment containing the 214 vanARB operon was PCR amplified from SA008.1.07 genomic DNA, assembled into the 215 pBBR1MCS-5 vector (37) using the NEBuilder HiFi DNA Assembly Master Mix, and 216 transformed into NEB 5-alpha E. coli. After the construction of plasmid pBRvan was confirmed 217 by DNA sequencing, it was introduced into R. palustris strains SA008.1.07 and SAΔvan by 218 electroporation. In the same manner, plasmid pBRvanAB was constructed by assembly of 219 pBBR1MCS-5 vector with vanA and vanB genes amplified from SA008.1.07 genomic DNA, 220 confirmed and transformed to SAΔvan. Transformants were selected on PM-AcY gentamycin In-frame, markerless deletions of rpa2160, rpa4286 and rpa1972 in SA008.1.07, and rpa1972 in 224 CGA009 were created in the same manner as SAΔvan, creating strains SAΔ2160, SAΔ4286, 225 SAΔ1972, and A9Δ1972, respectively. Primers used for generating gene deletion and expression 226 mutants are shown in Table S2 .
227

RESULTS AND DISCUSSION
228
Isolation of a syringic acid degrading R. palustris strain. R. palustris CGA009 is reported as 229 being unable to grow photoheterotrophically with syringic acid as the sole organic carbon source 230 (14). To explore the potential for R. palustris to evolve the capacity to degrade syringic acid, we 231 established a series of anaerobic cultures in which CGA009 were provided with a combination of 232 syringic acid, benzoic acid, and 4-HBA, the latter two being established growth substrates for this 233 strain (22, 38). Cultures were kept under illumination and anaerobic conditions for at least one 234 week after growth had reached stationary phase. At the conclusion of each growth phase, 235 extracellular samples from each culture were assayed for the presence of aromatic acids. Cultures
236
showing some decrease in extracellular syringic acid concentration were used as an inoculum for 237 new cultures containing an equal or higher proportion of syringic acid in the medium (Figure 1 ).
238
This process was iterated five times with increases in the proportion of syringic acid in the media, 239 until cells were growing on media in which syringic acid represented 80% of the organic carbon 240 added (measured as COD). The highest performing culture at this stage, as determined by total 241 syringic acid consumption from the media (culture 5.14 in Figure 1 ), was plated 242 photoheterotrophically onto solid media containing this compound as the sole source of organic 243 carbon, and fourteen colonies were picked after two weeks of incubation. The isolated colonies 244 were then used to inoculate separate liquid photoheterotrophic cultures containing syringic acid as 245 the sole source of organic carbon, the highest performing of which were used as incubations for a second round of liquid photoheterotrophic growth on medium containing syringic acid as the sole 247 organic carbon source. From a second anaerobic plating (from culture 7.07 in Figure 1 ), twelve 248 colonies were obtained. To further test that these cells acquired the ability to grow solely on 249 syringic acid, cells in isolated colonies were first grown photoheterotrophic on succinate and then 250 subcultured to a medium containing syringic acid as the sole photoheterotrophic carbon source.
251
The isolate that degraded the most syringic acid under photoheterotrophic conditions ( Figure 2 ), 252 hereafter referred to as strain SA008.1.07, was selected for further testing.
253
Identification of 3,5-dimethoxy-1,4-benzoquinone (DMBQ) as a compound that accumulates
254 extracellularly during growth on syringic acid by SA008.1.07. We found that when SA008.1.07 255 used syringic acid as a sole source of organic carbon under anaerobic, photoheterotrophic 256 conditions ( Figure 3) , an orange-yellow tint appeared during early stages of culture growth.
257
However, as growth progressed, the color of the culture became dark and distinguishable from the 258 deep-red color of the accumulating biomass.
259
HPLC analysis of the media before and after growth of SA008.1.07 revealed the accumulation of 260 a light-absorbing unknown product that eluted at 8.4 min ( Figure 4A ). By analyzing standards of 261 aromatics that are known or potential syringic-acid degradation by-products (5-hydroxyvanillic 262 acid, vanillic acid, protocatechuic acid) by HPLC, we determined that none of these compounds growth. The inhibitory effect increased as the DMBQ concentration increased, suggesting that the 289 buildup of DMBQ in media containing syringic acid can prevent its total degradation by 290 SA008.1.07. To test this hypothesis, we added 0.3 mM DMBQ (a concentration that approximates 291 the amount found in stationary phase syringic-acid grown cultures) to an SA008.1.07 culture when growth on syringic acid was detected ( Figure S1 ). We found that the addition of 0.3 mM DMBQ 293 arrested growth and blocked further syringic acid degradation in this culture when compared a 294 control not receiving any added DMBQ.
295
To test whether the negative impact of DMBQ on growth was seen in cells grown in the presence 296 of other aromatic substrates, we tested its effects on photoheterotrophic cultures grown on 297 equimolar amounts of benzoic acid and 4-HBA. In this case, we found that addition of 0.3 mM 298 DMBQ to growing SA008.1.07 cultures reduced the rates of growth and of aromatic degradation 299 compared to a control not receiving DMBQ ( Figure S2 ). However, the extracellular DMBQ 300 concentrations decreased in these cultures, suggesting a slow rate of DMBQ degradation that was 301 not evident in experiments with syringic acid. To test the effect of DMBQ on cells growing on a 302 non-aromatic substrate, SA008.1.07 was grown on succinate with varying concentrations of 303 DMBQ ( Figure S3 ). In this case, a lag phase was observed when DMBQ concentrations were 0.06 304 and 0.3 mM, and complete growth inhibition observed at 0.6 mM. There is also apparent 305 degradation of DMBQ in these cultures ( Figure S3 ). These results indicate that the inhibitory effect 306 of DMBQ on growth or substrate utilization is not specific to cells that are using syringic acid as 307 a sole organic carbon source. However, the inhibitory effect of exogenous DMBQ was more 308 pronounced in cultures growing on aromatic substrates than when using succinate as an organic 309 carbon source. Furthermore, the evidence obtained with these experiments is not sufficient to 310 determine the source of DMBQ. For instance, a benzoquinone has been described as a toxic could be a result of either DMBQ being slowly degraded, or reacting with cellular components as 314 described for tetrachlorobenzoquinone in S. chlorophenolicum (39). 315 involved in the BAD pathway and the peripheral HBA pathway (Table 3) . This is consistent with 340 the above finding that SA008.1.07 uses the BAD pathway for 4-HBA metabolism (18). However, 341 the abundance of transcripts from these genes was much lower and mostly not significantly 342 differentially expressed (p > 0.05) when comparing growth of SA008.1.07 on syringic acid and 343 succinate (Table 3) . Therefore, in addition to SA008.1.07 not needing the BAD and HBA pathways 344 for growth on syringic acid ( Figure 6 ), the transcriptomics data show that growth in the presence 345 of syringic acid does not induce expression of known genes within the BAD and HBA pathways. The increased transcript abundance of the vanARB genes, which are associated with aerobic 360 degradation of methoxylated aromatic compounds in other bacteria, was unexpected given that the 361 RNA was isolated from cells grown under anaerobic photoheterotrophic conditions. As described 
369
We also monitored the abundance of diagnostic transcripts as a reporter for the presence of oxygen (Table S3 ). In contrast, presence of oxygen (p = 0.01, unpaired t-test) (Table S3 ). This analysis provides independent experimental evidence that the photoheterotrophic cultures used as a source of RNA or for other 384 experiments in this study were anaerobic. 385 Nevertheless, to further test whether oxygen influences the ability of SA008.1.07 to degrade 386 syringic acid, we performed two additional experiments. First, when we tested SA008.1.07 for 387 aerobic growth on the methoxylated aromatics syringic acid and vanillic acid ( Figure S5 ), we 388 found that this adapted strain cannot grow on syringic acid aerobically. We also performed growth 389 experiments in which additional steps were taken to eliminate oxygen from the media. For this, 390 we used 100 mL serum bottles, added PM media containing syringic acid, and sealed them with 391 rubber septa and aluminum crimp caps. We then flushed the PM media with argon gas for 20 min, 392 then applied vacuum to remove gases from the bottles, and re-flushed them with argon. This 393 process was repeated three times to remove as much oxygen as possible. As a control that 394 simulated conditions used in the experiments described earlier, another group of 100 mL serum 395 bottles was used, but in this case the bottles were sealed without using the degassing procedure. 396 SA008.1.07 was inoculated into both sets of bottles through sterilized syringes and needles. In 397 these experiments, we observed no significant difference on the growth of SA008.1.07, the 398 consumption of syringic acid, or the production of DMBQ between the degassed bottles and the 399 non-degassed controls ( Figure S6 ), demonstrating that any traces of oxygen potentially present at 400 the initiation of the incubations did not influence the ability of R. palustris SA008.1.07 to grow on 401 syringic acid under anaerobic photoheterotrophic conditions.
402
Based on these results, we proceeded to investigate whether the vanARB operon participated in 403 anaerobic syringic acid degradation by SA008.1.07. To do this, we deleted the entire vanARB 404 operon in SA008.1.07 (SAΔvan, Table 1), and found that this strain lost its ability to grow 405 anaerobically on syringic acid ( Figure 7A ). In addition, we found that transforming SA∆van with 
